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Introduction
Fresh water shortages and global warming are resul-
ting in the urgent need for sustainable agricultural de-
velopment in the North China Plain (NCP). The impact 
of the greenhouse effect on water supply is a conside-
rable concern for researchers. Climate change increa-
ses the probability of drought and changes to regional 
precipitation patterns leading to water stress in many 
regions (Djebou and Singh, 2016). Decades of changes 
in stratospheric water vapor have potentially affected 
recent climate. Extensive efforts have been put into 
improving crop productivity under water-limiting con-
ditions. The NCP often experiences drought during 
the summer maize (Zea mays L.) growing season with 
the climate changes observed in recent years (Yan et 
al., 2017). Improvements in grain yield (GY) and water 
use efficiency (WUE) have become the key to the de-
velopment of agriculture in this region and are signifi-
cant for alleviating the food crisis caused by a growing 
population.
Soil surface mulching practices can effectively conserve 
water by reducing surface runoff and increasing water 
infiltration (Ma et al., 2017), and these practices have 
a long history of use in field management practices 
worldwide. Sustainable farming practices using residue 
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mulching with no-till have been demonstrated in many 
environments. The need for soil surface protection out-
side the growing season was confirmed by Kalmár et 
al. (2013). Zheng et al. (2002) demonstrated that wheat 
straw mulching effectively decreased soil surface eva-
poration and conserved soil water. No-tillage farming 
and mulching practice conducted in the NCP led to 
a significant improvement in soil properties over the 
long-term. Soil surface mulching reduced the sediment 
yield and runoff by buffering the ground from raindrop 
action and enhancing infiltration (Babalola et al., 2007). 
The straw-covered soil surface controlled runoff and 
sediment losses and subsequently decreased nutrient 
losses (Liu et al., 2012).
A rational plant density is required for summer maize 
to build a good canopy structure and optimize physio-
logical indexes by using solar-thermal resources within 
the specific ecological environment. Maize responds 
differently to plant densities under different cultiva-
tion practices that greatly influence GY (Li et al., 2015). 
Drought-prone environments need lower plant den-
sities for efficient use of growth resources (Tokatlidis 
et al., 2011). Seeding rates above the optimum result 
in lower GY because of higher competition between 
plants. Short duration hybrids should be sown at higher 
densities to compensate for lower leaf area per plant 
(Tsimba et al., 2013). GY increased with increasing plant 
density and while the rate of increase declined, the GY 
was the greatest at the highest plant density (Raymond 
et al., 2008). In general, research related to plant den-
sity mostly focuses on crop breeding and crop physio-
logy. How to save water and achieve a high GY of sum-
mer maize by using an optimal combination of straw 
mulching and planting density requires further study. 
In this study, we hypothesized that straw mulching and 
plant density may affect summer maize GY and WUE 
greatly. The aims of this study were to determine: (i) the 
effect of straw mulching and plant density conditions 
on the WUE of summer maize; (ii) to ascertain whether 
straw mulching and plant density affect GY; and (iii) to 
determine an optimal combination of straw mulching 
and plant density. 
Material and methods
 Experimental site 
Experiments were conducted at the Experimental Sta-
tion of Shandong Agricultural University (36°10"9'N, 
117°9"03'E) in the NCP. The study plot was located in a 
warm and semi-humid region with a continental clima-
te. Average annual rainfall is 786.3 mm, and 65.1% of 
the local rainfall is concentrated in the summer, which 
can satisfy the water requirement for all growth stages 
of summer maize. The soil at the experimental sites is 
loamy (40.0% sand, 44.0% silt, and 16.0% clay) with 
32.4% field water capacity. The experiment was con-
ducted in plots divided by concrete walls, which were 
25.0 cm thick and extended 1.5 m beneath the surface. 
Plot dimensions were 3.0 m × 3.0 m. Visual observa-
tions of the experimental plots did not reveal any signs 
of previous tillage or water erosion. 
 Experimental design
High-yielding summer maize cultivar “DengHai 661” 
was used in the experiment. Each plot was irrigated 
with 0.5 m3 of water before sowing to make sure all 
treatments performed under the same original soil moi-
sture conditions. The maize was sown on June 17, 2012 
and June 19, 2013, and was harvested on October 3, 
2012, and October 2, 2013, respectively. Split plots 
designed in randomized complete blocks with three 
replications were used, with two mulching conditions 
in the main plots and three plant density treatments in 
the subplots
 Treatments
The six treatment combinations were (1) 10.0 plants 
m-2 density without straw mulching (N1); (2) 10.0 plants 
m-2 density with 0.6 kg m-2 straw mulching (M1); (3) 7.5 
plants m-2 density without straw mulching (N2); (4) 7.5 
plants m-2 density with 0.6 kg m-2 straw mulching (M2); 
(5) 5.5 plants m-2 density without straw mulching (N3), 
and (6) 5.5 plants m-2 density with 0.6 kg m-2 straw mul-
ching (M3) Table 1. Wheat straw cut into 3.0 – 5.0 cm 
was spread evenly over the soil surface when the sum-
Table 1 - Treatments design in summer maize growing seasons
Straw mulching amount
(kg m-2)
Plant density (plants m-2) Code Row spacing (cm)
0.6
High plant density: 10 M1 17.1
Medium plant density: 7.5 M2 22.2
Low plant density: 5.5 M3 31.7
0
High plant density: 10 N1 17.1
Medium plant density: 7.5 N2 22.2
Low plant density: 5.5 N3 31.7
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mer maize was at the 3 - leaf stage. During both sum-
mer maize growing seasons, no irrigation was applied, 
and other management measures adopted were same 
to high yield field (Li et al., 2015).
 Measurements
Precipitation data were provided by the Tai’an agricul-
tural weather station, situated approximately 100 m 
from the experimental site.
The soil volumetric water content was measured by 
a neutron moisture meter (CNC503B, Super Energy, 
Nuclear Technology Ltd., Beijing, China) access tube, 
which was buried in each experimental plot. Measure-
ments were taken every 10.0 cm in depth, up to 120.0 
cm below ground level. The water content of the top 
20.0 cm soil layer was measured by the gravimetric me-
thod for calibration. Measurements were performed at 
approximately 7 days intervals. Before and after pre-
cipitation, additional measurements were performed.
Evapotranspiration of summer maize was calculated 
using the following equation (Yan et al., 2017):
ET=P - R - D - SW    (1),
where ET, evapotranspiration (mm); P, precipitation 
(mm); R, surface runoff (mm), which was assumed to 
be not significant because of the concrete walls around 
each plot; D, downward flux below the crop root zone 
(mm), deep percolation was zero when the soil moistu-
re content at 1.2 m was equal to or less than the field 
moisture content; on the other hand, when the soil 
moisture content at 1.2 m was more than the field moi-
sture capacity, the deep percolation was calculated as 
the difference between the soil moisture content and 
field moisture capacity; and SW, water storage change 
in the soil profile (mm).
The summer maize GY at maturity was measured from 
the central rows of each plot. Grain was manually remo-
ved from the cob and air-dried. Spike number per area, 
rows per spike, and kernels per row were measured. 
The 1000-kernel weight was estimated by counting and 
weighing 500 kernels, with 3 replicates per plot.
Summer maize water use efficiency was calculated as 
(Yan et al., 2017):
WUE = GY       (2),
ET
where WUE, water use efficiency of ET for the grain 
yield (kg m-3); GY, grain yield (g m-2); and ET, evapotran-
spiration (mm), which is calculated from Eq. (1).
Statistical analyses
The Origin 8.0 procedure was used to conduct analysis 
of variance. Mean values of the treatments were com-
pared using the least significant difference (LSD) at 




Precipitation distribution during 2012 and 2013 sum-
mer maize growing seasons is shown in Figure 1. Du-

































Fig. 1 - Precipitation distribution during 2012 and 2013 summer maize growing seasons in the Experimental Station of Shandong 
Agricultural University.
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wer than the average (453.7 mm) for the corresponding 
period over the past 30 years, even including two ti-
mes rainstorms (where 50 mm precipitation occurred in 
less than 24 h). During 2013, total precipitation (461.8 
mm), also including two times rainstorm, was closer to 
the average value. Therefore, the years 2012 and 2013 
were classified as dry and normal years, respectively.In 
both summer maize growing seasons, the precipitation 
distribution was nonuniform. During 2012, approxima-
tely 62.4% precipitation was concentrated in July; while 
in 2013, it was plentiful before August but scant in the 
late growing season. 
 Evapotranspiration and average soil moisture 
content
Straw mulching and plant densities resulted in diffe-
rent effects on the average soil moisture performance 
during 2012 and 2013 (Figure 2). The lowest average 
soil moisture content during 2012 was seen under tre-
atment N3, and the average soil moisture content un-
der mulching treatments was higher than that under 
non-mulching treatments. However, there was little 
differences in soil moisture content between different 
plant densities under the same mulching conditions. 
During 2013, the average soil moisture content showed 
no differences between the six treatments. 
The performance of ET between mulching and non-
mulching treatments was significantly different in all 
three density conditions during 2012 (Figure 3). ET in 
mulched plots declined with a decrease of plant densi-
ty during 2012; however, there were no significant dif-
ferences in ET between the three plant densities and 
two mulching treatments during 2013.
There has been a debate about the effect of straw mul-
ching on ET, with some studies observing a lower ET 
in mulched plots (Zhao et al., 2012). In this study, the 
results indicated that straw mulching had no significant 
effect on the ET during 2013, in which precipitation di-
stribution was concentrated at an early stage, but that 
there was a significant decrease in ET in the dry year. ET 
is significantly affected by the interactions of soil eva-
poration and plant transpiration (Katerji et al., 2011). 
The increase in vegetation transpiration by mulching 
was offset by the decrease in soil evaporation, resulting 
in no significant difference in ET, which could explain 
why no significant effect of straw mulching on ET was 
observed (Yan et al., 2017).
Grain yield
GY and yield components during 2012 and 2013 are 
shown in Table 2. The highest GY was found under 
M2 treatment, with yields of 1255.4 and 1168.9 g m-2 
during 2012 and 2013, respectively. The GY from mul-
ching treatments was generally significantly higher than 
that from non-mulched plots, at 13.4% and 26.0% du-
ring 2012 and 2013, respectively. Under medium and 
low plant density conditions, the significantly higher GY 
under mulching treatment was due to straw mulching 
increasing the 1000-kernel weight by 8.7% and 6.5% 
during 2012, and 22.8% and 13.7% during 2013, re-
spectively. Straw mulching showed no significant effect 
on rows per spike and kernels per row under different 
plant density conditions; while the effect of plant den-
sity on spike number and kernels per row was not. Ove-
rall, medium and high plant density treatments resulted 
in a significant increase in spike number over the low 
plant density treatment, by 43.3% and 77.7% during 
2012, and 40.5% and 82.4% during 2013, respectively; 
while there was a significant decrease in kernels per 




























 N1  M1  N2    M2 N3  M3
2013
Date (mm/dd)
Fig. 2 - Dynamic change of average soil moisture content during 2012 and 2013 summer maize growing seasons. Vertical bars are 
standard errors. Codes represent 10.0 plants m-2 density without straw mulching (N1), 10.0 plants m-2 density with 0.6 kg m-2 straw 
mulching (M1), 7.5 plants m-2 density without straw mulching (N2), 7.5 plants m-2 density with 0.6 kg m-2 straw mulching (M2), 5.5 
plants m-2 density without straw mulching (N3), and 5.5 plants m-2 density with 0.6 kg m-2 straw mulching (M3), respectively.
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row by 20.3% and 12.8% during 2012, and 23.5% and 
16.3% during 2013, respectively. There were no signifi-
cant differences in GY between medium and high plant 
densities. The decline in spike number under the me-
dium plant density treatment was offset by the increase 
in kernels per row.
The distribution of seasonal precipitation is an impor-
tant factor that influences crop production (Kheiri et 
al., 2017). Even though 2012 was a dry year, summer 
maize is relatively insensitive to water stress imposed 
Fig. 3 - Total evapotranspiration during 2012 and 2013 summer maize growing seasons. Vertical bars are standard errors. Codes 
represent 10.0 plants m-2 density without straw mulching (N1), 10.0 plants m-2 density with 0.6 kg m-2 straw mulching (M1), 7.5 plants 
m-2 density without straw mulching (N2), 7.5 plants m-2 density with 0.6 kg m-2 straw mulching (M2), 5.5 plants m-2 density without 













M1 9. 7a 16.8a 27.4d 294.2c 1143.9ab
N1 9.6a 16.1ab 27.8cd 296.7c 1083.5b
M2 7.9b 16.3ab 30.9b 326.0b 1255.4a
N2 7.6c 15.8b 29.5bc 299.8c 1043.5bc
M3 5.4d 16.6ab 35.4a 343.1a 1073. 0b
N3 5.4d 16.7a 33.9a 322.1b 936.1c
M 7. 7a 16.6a 31.2a 321.1a 1157.4a
N 7.6a 16.2a 30.4a 306.2b 1021.1b
1 9.7a 16.4ab 27.6c 295.5c 1113.7a
2 7.8b 16.1b 30.2b 312.9b 1149.5a
3 5.4c 16.6a 34.6a 332.6a 1004.5b
2013
M1 9.9a 15.4ab 27.5c 309.0b 1140.0ab
N1 9.8a 14.4b 26.9c 296.1bc 969.7bc
M2 7.6b 16.2a 30.2b 325.7ab 1168.9a
N2 7.6b 16.1a 29.3bc 265.3c 906.3c
M3 5.6c 16.3a 35.7a 358.9a 1159.7a
N3 5.2d 16.3a 35.3a 315.8b 878.1c
M 7.7a 16.0a 31.1a 331.2a 1156.2a
N 7.6b 15.6a 30.5a 292.4b 918.0b
1 9.9a 14.9b 27.2c 302.6b 1054.9a
2 7.6b 16.1a 29.7b 295.5b 1037.6a
3 5.4c 16.3a 35.5a 337.4a 1018.9a
Values followed by the same letter in the same column, each year, do not differ significantly (LSD, P < 0.05) standard deviation. Codes represent non-
mulching treatment  (N), 0.6 kg m-2 straw mulching treatment (M), 10.0 plants m-2 or high plant density (1), 7.5 plants m-2 or medium plant density (2), 5.5 
plants m-2 or low plant density (3), 10.0 plants m-2 density without straw mulching (N1), 10.0 plants m-2 density with 0.6 kg m-2 straw mulching (M1), 7.5 
plants m-2 density without straw mulching (N2), 7.5 plants m-2 density with 0.6 kg m-2 straw mulching (M2), 5.5 plants m-2 density without straw mulching 
(N3), and 5.5 plants m-2 density with 0.6 kg m-2 straw mulching (M3), respectively.
Table 2 - Grain yield and yield components during 2012 and 2013 summer maize growing seasons
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during its early vegetative growth stages, as it can 
adapt to minimize the effects of subsequent periods of 
water stress. The precipitation was concentrated at the 
early vegetative growth stages during 2012 and had 
no significant effect on the growth of the maize, which 
could be an explanation as to why the GY of all tre-
atments during 2013 were generally lower than those 
from 2012. Drought-prone environments require lower 
plant densities for the efficient use of growth resources 
(Tokatlidis et al., 2011). The effect of plant density on 
GY should be studied further across different annual 
rainfall conditions.
Water use efficiency
Both during 2012 and 2013 summer maize growing 
seasons, the WUE under different plant density tre-
atments showed no significant differences within the 
same straw mulching conditions (Figure 4). However, 
there were significant differences in WUE between 
the mulched and non-mulched plots. During 2012, the 
WUE of M2 and M3 was 25.4% and 42.5% higher than 
that of N2 and N3; during 2013, the WUE of M1, M2, 
and M3 was 18.9%, 35.4%, and 33.9% higher than that 
of N1, N2, and N3, respectively. The WUE under all tre-
atments varied considerably in both growing seasons. 
During 2012, the WUE under all treatments was higher 
than that during 2013, which corresponds well with the 
fact that plant water deficit results in a high WUE (Blum, 
2009). The lesser soil evaporation in mulched fields 
would facilitate a higher GY and WUE in a dry year 
(Ma et al., 2017). Decrease in soil moisture caused by 
evaporation was partly compensated for by a capillary 
rise from the deeper soil layers (Hao et al., 2013). The 
improvement in GY and WUE under straw mulching 
conditions was attributed to a better topsoil moisture 
and higher soil temperature in the planting zone. Soil 
moisture distribution in different layers needs to be stu-
died further. Shading of the soil by the plant canopy 
and an increase in plant water uptake amounts would 
change the observed water losses by evaporation (Li 
et al., 2013). The plant transpiration of different plant 
types warrants an intensive study.
As has been reported, the increase in total transpiration 
correlates with a significantly higher GY and enhanced 
WUE (Tolk et al., 1999). The higher GY and WUE are 
consistent with this conclusion. Further attention is ne-
cessary to discover the response of soil moisture con-
tent, ET, and WUE to different precipitation amounts 
and distribution throughout the year. ET would decre-
ase under global warming, and the degree of the re-
duction would generally increase with increasing mean 
global temperature (Tao and Zhang, 2011). Changes 
in ET affect CO2 uptake directly and indirectly throu-
gh the depletion of plant available water (Suyker and 
Verma, 2010). As CO2 concentration increases, crop 
production could be affected by several factors (Liu et 
al., 2014). The interaction between carbon utilization 
and ET and their combined effect on GY under global 
climate change should be studied further.
Conclusions
The results showed medium and high plant density 
treatments had a significant increase in spike number 
compared to the low plant density treatment. Straw 
mulching resulted an effective tool used to improve 
grain yield by increasing 1000-kernel weight. Plant 






























N1 N2 N3 M1 M2 M3
2013
Fig. 4 - The summer maize WUE during 2012 and 2013 summer maize growing seasons. Codes represent 10.0 plants m-2 density wi-
thout straw mulching (N1), 10.0 plants m-2 density with 0.6 kg m-2 straw mulching (M1), 7.5 plants m-2 density without straw mulching 
(N2), 7.5 plants m-2 density with 0.6 kg m-2 straw mulching (M2), 5.5 plants m-2 density without straw mulching (N3), and 5.5 plants 
m-2 density with 0.6 kg m-2 straw mulching (M3), respectively
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density had significant effects on spike number and 
kernels per row; however, there was no significant dif-
ference in grain yield. Straw mulching significantly im-
proved both the GY and WUE of summer maize under 
low and medium plant density treatments in both dry 
and normal rainfall years. M2 treatment achieved the 
highest GY and showed the greatest improvement in 
WUE of 35.4% over the non-mulching treatment across 
the three plant densities; therefore, it will be promoted 
as an agricultural practice in the NCP
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